Abstract Few volumetric MRI studies of the entire cerebellum have been published; even less quantitative information is available in patients with hindbrain malformations, including the Chiari II malformation which is ubiquitous in patients with spina bifida meningomyelocele (SBM). In the present study, regional volumetric analyses of the cerebellum were conducted in children with SBM/ Chiari II and typically developing (TD) children. Total cerebellar volume was significantly reduced in the SBM group relative to the TD group. After correcting for total cerebellum volume, and relative to the TD group, the posterior lobe was significantly reduced in SBM, the corpus medullare was not different, and the anterior lobe was significantly enlarged. Children with thoracic level lesions had smaller cerebellar volumes relative to those with lumbar/sacral lesions, who had smaller volumes compared to TD children. The reduction in cerebellar volume in the group with SBM represents not a change in linear scaling but rather a reconfiguration involving anterior lobe enlargement and posterior lobe reduction.
Introduction
Aberrant development of the cerebellum has been described in a range of neurodevelopmental disorders, including spina bifida meningomyelocele (SBM) [1] , 22q deletion syndrome [2, 3] , Williams Syndrome [4] , and autism [5] [6] [7] . Accounts of cerebellar anomalies in these disorders have been descriptive more often than quantitative, with both qualitative and quantitative studies categorizing the cerebellum based on historical clinical cerebellar signs (e.g., vermis vs. hemispheres) rather than parcellating it into subregions based on new clinical cerebellar maps [8] and current conceptualizations of cerebellar function [9] [10] [11] . Systematic comparisons of cerebellar structure across neurodevelopmental disorders are needed to better characterize the neuroanatomy of these disorders, to detail the anatomical connections between different regions of the cerebellum and cerebral cortex [12, 13] , and to sharpen hypotheses about cerebellar structure-function associations.
Abnormal development of the cerebellum is a central characteristic of SBM, the most common severely disabling congenital birth defect affecting the central nervous system in North America [14] . Although SBM is commonly identified by an open lesion on the spinal cord at birth, it also involves multiple anomalies of the brain. A key feature of SBM is the Chiari II malformation [15] , a virtually ubiquitous deformity of the brainstem and cerebellum. The radiological presentation of the Chiari II varies [1] , but is typically represented by a small posterior fossa and downward herniation of the cerebellum and hindbrain into the foramen of magnum. The vermis may tower over and above the tentorium, producing associated abnormalities of the midbrain, and the small posterior fossa produces mechanical abnormalities of the medulla. Cerebellar structures appear malformed, often with poor differentiation of the vermis and hemispheres.
Since Hans Chiari identified the cerebellar malformations in a series of papers in the 1890s [16, 17] , accounts of the cerebellum in Chiari II have been primarily descriptive. The few quantitative neuroimaging studies used simple subdivisions of cerebellar anatomy (midsagittal vs. lateral) on older generation MRI images, in which it was often difficult to identify anatomical landmarks in the malformed Chiari II cerebellum. Fletcher et al. [18] reported that children with SBM had reduced cerebellar volumes in lateral but not in medial cerebellum, and that the reduced cerebellar volumes were more strongly associated with thoracic level spinal lesions. Salman et al. [19] reported that, in SBM, mean posterior fossa area was significantly smaller, and mean vermis area was significantly larger, in vermis lobules I-V and VI-VII. These results are consistent with other quantitative studies of the supratentorial brain regions and white matter tracts in SBM, where, relative to controls, some brain structures are smaller and others are larger [20, 21] .
Newer methods for identifying the sub-regions of the cerebellum [22, 23] provide a more finely grained understanding of cerebellar anatomy. Using a semi-automated approach, Pierson et al. [24] parcellated the cerebellum into four compartments based on tissue class (gray matter vs. white matter) and two prominent and delimiting fissures: the primary and horizontal fissures. The corpus medullare consists of the central white matter (WM) extending from the cerebellar peduncles to the richly branched folia in the lateral hemispheres, the primary fissure delineates the anterior from the posterior lobe, and the horizontal fissure further subdivides the posterior lobe into superior and inferior subdivisions. Cerebellar parcellations also enable the analysis of structure-function relations in neurodevelopmental disorders in a more theoretically cogent manner.
In this paper, we report volumetric analyses of regional variability of the cerebellum in children with SBM and typically developing controls to provide quantitative measures of cerebellar sub-regions that are structurally coherent and functionally significant. In our previous study of the cerebral cortex [21] , cortical thickness in SBM followed a general gradient of being thicker in frontal areas and thinner in posterior regions relative to an age-and gender-matched healthy comparison group. Here, we investigate whether the hypoplastic cerebellum characteristic of SBM is smaller due to simple linear scaling or if some regional variability exists across the major subdivisions of the cerebellum.
Upper (e.g., thoracic) rather than lower (e.g., lumbar/sacral) spinal lesion level has been associated with increased supra-and subtentorial brain pathology [18] , so we also evaluated whether level of spinal lesion is related to cerebellar volumes.
Methods

Participants
Children with SBM (n=30) were 7-16 years of age with shunted hydrocephalus, recruited from two primary sites in Houston, TX: the Spina Bifida Clinic at Texas Children's Hospital, and the Shriners Hospital for Children-Houston. All children were shunted within the first month of life, usually at the time of the repair of the spinal lesion. The children were medically stable at the time of the MRI. For the analyses, children were subdivided into those with upper (thoracic; n=10) vs. lower (lumbar, sacral; n=20) lesion levels based on models of neural tube closure and studies indicating genetic heterogeneity at this subdivision [25] and to evaluate whether cerebellar volumes vary by lesion level [18] . The comparison group of typically developing (TD) children was recruited from the community. The TD children had no history or evidence of neurological or neurodevelopmental disorder based on parental reports and assessments of cognitive functions. Table 1 provides age, gender, ethnicity, and specific characteristics associated with SBM by lesion level. Some of these variables are known to influence brain development (e.g., age, sex) and so we used these as covariates. In addition, children in the TD group were younger, and a greater proportion were female, further justifying use of these covariates. In all groups, children of Hispanic origin were overrepresented, but consistent with the demographics of the southwestern recruitment city [18] . Among children with SBM, all but one participant had difficulties with ambulation, with more children in the upper spinal lesion group restricted to a wheelchair. All but three participants with SBM had at least one shunt revision, though only three had more than five revisions. Although not directly relevant to the study, Table 1 also presents the composite IQ score from the Stanford-Binet intelligence Test-IV [26] , illustrating that this cohort has intellectual functions in the low average to average range, typical for children with SBM; more generally, this cohort is similar to the much larger cohort [18] .
MRI Acquisition
High-resolution coronal brain MR images were acquired on a Philips 3T scanner with SENSE (Sensitivity Encoding) technology. After a conventional scout sequence, threedimensional T1-and T2-weighted sequences were performed to obtain whole brain coverage. Acquisition parameters of the T1-weighted 3D turbo fast echo sequence were as follows: TR/TE=6.5-6.7/3.04-3.14 ms; flip angle=8°; square fieldof-view=24 cm; matrix=256×256; slice thickness=1.5 mm; in-plane pixel dimensions (x,y)=0.94, 0.94; number of excitations (NEX)=2. Acquisition parameters of the T2-weighted 3D turbo spin echo sequence were as follows: TR/TE=80/5,000 ms; flip angle=90°; square field-of-view= 24 cm; matrix=256×256; slice thickness=1.5 mm; in-plane pixel dimensions (x,y)=0.94,0.94; NEX=1.
MR Image Analysis
Using BET [27, 28] (Brain Extraction Tool v2.1) within FSLv4.0.4 software (http://www.fmrib.ox.ac.uk/fsl/), brain and non-brain areas were automatically identified, a brain mask generated, and brain components (e.g., GM, WM, and CSF) were extracted from the MR image (both T1-and T2-weighted image sets) for each subject. Subsequently, the outputs of BET for the T1 and the T2 image sets were verified for each subject using FSLView v3.0 and coregistered using a rigid body, six DOF model within FLIRT (FMRIB's Linear Image Registration Tool v5.4.2) using the correlation ratio cost function and tri-linear interpolation options [29, 30] . The co-registration was verified by reviewing the output in FSLView. FAST (FMRIB's Automated Segmentation Tool v3.53) was used to generate an intensity-based, three-class binary segmentation of the brain into CSF, GM, or WM from the co-registered T1-and T2-weighted image sets for each subject [31] . Partial volume maps for each segmentation class were also generated using the FAST utility for subsequent quantitative volumetric analyses.
Cerebellar Parcellation Units
A four-compartment model (one WM and three principally GM) was used to parcellate the cerebellum into the following regions: corpus medullare, anterior lobe, superior-posterior lobe, and inferior-posterior lobe. Consistent with boundary delineations described by Pierson et al. [24] , each cerebellar parcellation unit was defined according to the following anatomical features: (1) corpus medullare: central white matter and output nuclei; (2) anterior lobe: lobules I-V, bounded by the most posterior point of the fourth ventricle, corpus medullare, and primary fissure; (3) superior-posterior lobe: lobe VI and crus I of VIIA, bounded by the primary fissure, corpus medullare, and horizontal fissure; and (4) inferior-posterior lobe: crus II of VIIA, VIIB, VIII, IX, and X, bounded by the most posterior point of the fourth ventricle, corpus medullare, and horizontal fissure. Although localization of anatomical landmarks in each individual brain was guided by the cerebellum atlas published by Schmahmann et al. [32] , inter-individual uniqueness in cerebellar topography (e.g., fissures and lobes) was preserved because spatial transformations to a standardized template were not implemented.
Co-localization of Anatomical Landmarks and Manual Fissure Tracings in Cardinal Planes
As shown in Fig. 1 , manually delineated fissure lines were used to mark the course of both the primary and horizontal fissures. Each fissure line was principally drawn in the plane that optimized our ability to follow the entire trajectory of each fissure (e.g., sagittal plane for horizontal fissure and para-sagittal and axial planes for primary fissure). Each fissure marker was readily visible in all three cardinal planes, independent of the plane selected for H Hispanic, AA African American, C Caucasian, N normal, I independent, P partial, U unable, FSIQ Full Scale IQ tracing. Subsequently, auxiliary fissure markers were added in complementary viewing planes to facilitate corroboration of fissure location before delineating boundaries of cerebellar parcellation units. Each parcellation unit label was assigned to a new unique mask overlying the T1-weighted image set. While the fissure lines provided delimiting boundaries between parcellation units, the multi-weighted and multi-channel segmentation results defined the GM/CSF border around the exterior edge of the cerebellum.
Statistical Analyses
The primary model was a repeated-measures ANOVA with a single between-subjects factor (group) with three levels (SBM upper level lesions, SBM lower level lesions, TD) and a single within-subjects factor (cerebellar region) with four levels (e.g., corpus medullare, anterior, inferiorposterior, and superior-posterior), with age and sex (and their interactions) evaluated as covariates. Initial models were run on absolute volumes comparing TD and the two SBM subgroups which were classified according to spinal lesion level. In performing these analyses, we also considered the role of one individual per group with the most divergently small cerebellar volumes. By way of follow-up, we then evaluated individual compartmental volumes relative to total cerebellum volume. Because the relative volumes summed to 1, the relative volumes were run in univariate fashion. Finally, we also evaluated the extent to which the parcellation of the posterior lobe into separate superior and inferior segments (vs. pooling both superior and inferior subdivisions together into a single composite structure) altered results. The follow-up analyses (on relative values and posterior lobe sub-parcellation) are reported only in the context of their relation to the primary analyses.
Results
Covariates and Outliers
Distributional analyses suggested that compartmental volumes were generally normal in their distribution within and across the TD group and two SBM subgroups (e.g., SBM upper level lesions and SBM lower level lesions). We evaluated two covariates, age and sex, with respect to group differences in cerebellar volumes, given the demonstrated developmental impact of these variables with regard to the cerebellum [33] . Although the groups differed in their proportion of age and sex, these variables were not strongly related to cerebellar volumes in this sample. In the whole sample, age was related variably to the absolute or relative (see below) volumes of compartments evaluated (range |r|= 0.00 to 0.32, median r=0.15). Sex was unrelated to cerebellum volumes (absolute or relative) in the sample as a whole (all p>0.05). Although we evaluated models with and without these variables and their interactions with group and/or cerebellar region, and also with and without the participants with the smallest within-group cerebellums, noted above, these did not substantively alter results of the absolute volumes. The one exception was a betweensubjects interaction between age, sex, and group that did not vary across individual cerebellar compartments, F(8,44)= 2.96, p=0.0098. Follow-ups using the total cerebellar volume by sex revealed no age by group interaction on total cerebellar volumes for girls, p>0.05, but an age by group interaction for boys, F(2,23)=7.99, p<0.003, with the relation between age and cerebellum volumes stronger for SBM participants with lower level lesions relative to the other two groups. These results, however, were dependent on the individual with SBM with the smallest overall cerebellar volume, without whom the interaction was not significant in either the boys or the sample as a whole. Therefore, for all subsequent analyses, both covariates were trimmed from the models, and all participants were included.
Absolute Volumes
As shown in Fig. 2 
Relative Volumes
As shown in Table 2 , within-group variability of total volumes was more extensively distributed in the group with SBM relative to the fairly homogeneous values observed in the TD group. Therefore, we corrected for individual differences in total cerebellum size by calculating proportionate ratios of each compartment's volume relative to total cerebellum volume (see Fig. 3 ). These relative volumes for each compartment were then used in all subsequent analyses. Table 2 shows that the standard deviations of means in the TD group were nearly half as variable as participants with SBM in each region of the cerebellum, which somewhat mitigates the effects of a relatively small number of participants in the TD group.
Using univariate analyses, SBM participants with upper lesion levels, lower lesion levels, and TD groups did not differ from one another in the corpus medullare fraction [F(2,34)=0.10; p=0.9049]. In terms of the posterior lobe fraction, SBM participants with upper lesion levels, lower Fig. 4 , the TD group had the largest proportion relative to both SBM subgroups (both p=0.0001); in addition, the SBM group with lower level lesions had a larger proportion relative to the SBM group with upper level lesions (p=0.0354). Participants in the three groups also differed from one another in anterior fractions [F(2,34)=15.47; p=0.0001]. SBM participants with upper level lesions had a larger anterior fraction than SBM participants with lower level lesions (p=0.0009) and TD participants (p=0.0001); furthermore, SBM participants with lower level lesions also had a larger anterior fraction relative to the TD group (p=0.0059).
Discussion
In neurodevelopmental disorders, cerebral and cerebellar volumes are often significantly different from typically developing controls. The assumption that differences in brain volumes always involve reductions has been challenged by recent work showing both greater and lesser brain volumes [21] . In studying regional cerebellar volumes in SBM, the present paper contributes to specifying how subtentorial brain volumes represent an altered regional configuration in this disorder. The data bear on a number of issues: how SBM and TD groups differ in absolute and proportional cerebellar volumes; the putative scaling of cerebellar regional development; the possible functional significance of between-group cerebellar volume differences and within-group volume variability; and the broader question of whether the cerebellar profile in SBM is distinctive compared to that in other neurodevelopmental disorders with abnormal cerebellar development.
Consistent with a previous report by Fletcher et al. [18] , total cerebellar volume is substantially reduced in SBM with the Chiari II malformation. Our volumetric analyses identified a 25% reduction in total cerebellum volume in participants with the Chiari II, differences that were larger in children with SBM and upper level spinal lesions. However, not all regions of the cerebellum were comparably reduced in the group with SBM. In both relative and absolute volumes of the anterior lobe, the group with SBM demonstrated significant enlargement of this region, despite an overall reduction in total cerebellar volume. In contrast, the absolute corpus medullare volumes and the absolute and proportional posterior lobe volumes were significantly reduced in the group with SBM. Thus, the overall reduction in absolute cerebellar volume in the SBM group represents reduced WM of the corpus medullare and the posterior lobe.
The posterior lobe and corpus medullare are both scaled linearly downward with each other by 25%, suggesting that developmentally regulated processes underlying volumetric ratios in these two compartments might be coupled. Unlike the posterior lobe, corrected values of the corpus medullare (e.g., for total cerebellar volume), reflected proportionately "normal" values (e.g., 14% of total). Furthermore, unlike previous reports of GM in the lateral hemispheres [18] , the corpus medullare was not affected by lesion level of the neural tube defect as reflected by the proportionately "normal" value identical in both upper and lower lesion subgroups with SBM. These findings indicate a non-linear scaling of functionally relevant regions of the cerebellum in SBM in both upper and lower level spinal lesions. Of interest, this scaling is not only non-linear, but also somewhat different from the available descriptions of typical longitudinal cerebellar development, in which the inferior superior and inferior superior regions are more strongly coupled to each other than is either to other parts of the cerebellum [33] .
Quantifying regional cerebellar volumes in SBM provides benchmarks for comparing cerebellar development across neurodevelopmental disorders. In early MRI studies of Williams Syndrome, Jernigan et al. [34] reported reduced cerebral volume but well-preserved total cerebellar volume, including enlarged vermal lobules. Early MRI studies of autism identified reduced vermal lobules VI-VII [5, 7, 35] . 22q11.2 deletion syndrome provides an interesting contrast to SBM in cerebellar volume configuration. Relative to controls, cerebellar volumes in 22q11.2 deletion syndrome are reduced [36] , particularly in midsagittal vermal lobules VI-VII [3] , and the anterior cerebellum is hypoplastic [2] . Further cross-disorder cerebellar parcellation studies using the same MRI methodology, definitions of cerebellar regions, and volumetric analyses and parameters are necessary to decide whether the absolutely and proportionally enhanced anterior cerebellum in SBM is a feature of cerebellar development not shared by other neurodevelopmental disorders.
In severe cerebellar malformations including DandyWalker, Joubert syndrome, and pontocerebellar hypoplasia, the orchestrated processes underlying hindbrain development in utero are either disrupted or poorly timed [37, 38] . The orchestration of cerebellar development in Chiari II, it appears, is quite complex, involving a combination of regional volumetric reduction and enlargement. In addition, continued associations of different quantitative brain indices with lesion level implies that different mechanisms may be involved for upper and lower spinal lesions. Spinal lesion level is related to differences in the unfolding of the neural tube [39] and is a marker for genetic variability [25] . Children with thoracic level lesions have more severe brain dysmorphology and quantitatively different cerebellar volumes, accounting for their significantly lower global cognitive outcome [18] .
Broadly, the anterior lobe of the cerebellum is concerned with motor function, the inferior (by virtue of its connections with prefrontal and parietal cortices) with cognitive function [41] . The posterior cerebellar lobe is part of the "cognitive cerebellum" [41] , including an executive network that includes the primary motor cortex, thalamus, and striatum.
Individuals with SBM have a range of deficits in motor strength and speed [42] [43] [44] and dynamic motor regulation [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . Nevertheless, they have normal motor learning and adaptation: They can adapt saccades to backward target displacement [19] , reach to prism-distorted visual input [52] ; learn to draw a shape from an image in a mirror [53] ; and adapt ballistic arm movement to changes in relation between movement and vision [54] . It is not clear whether the enhanced anterior cerebellum volume plays a role in either preserved or impaired motor functions in SBM. Children and adults with SBM have mild forms of ataxic dysarthria [55] which might reflect their attenuated posterior cerebellar development (lobule VI of the posterior cerebellum has been suggested to instantiate internal models of articulation) [56] . Variation in regional cerebellar size may have functional significance for eye movements. Ocular motor function in individuals with SBM and an expanded midsagittal vermis is comparable to that of controls and better than that in individuals with SBM and a normal, non-expanded midsagittal vermis [57] . Our ongoing studies are investigating the functional significance of anomalous cerebellar development in SBM.
Conclusion
Regional volumetric analyses of the cerebellum in children with SBM and TD children showed that total cerebellar volume was significantly reduced in the SBM group relative to the TD group and, further, within the cerebellum, the anterior lobe was enlarged and the posterior lobe reduced. While cerebellar development is atypical in SBM, it is not yet clear whether the cerebellar configuration described here is unique to this condition. And while regional cerebellar expansion has been associated with enhanced ocular motor function in SBM [57] , the significance of the enlarged anterior cerebellar lobe remains to be established.
